In this paper, a joint chunnel and bequency o$set estimation algorithm i s proposed. The 
INTRODUCTION

Orthogonal frequency division multiplexing (OFDM)
provides effective solution to high data-rate transmission by its robustness against multi-path fading. However, OFDM systems are more sensitive to the frequency errors than single carrier systems and the sensitivity increases with the number of sub-carriers and with the constellation size [l] . Frequency offset results in the loss of orthogonality among subcarriers and causes inter-carrier interference (ICI) which has Gaussian statistics. IC1 degrades the performance of both the channel estimation [2] and symbol detection.
Traditionally, frequency offset is estimated using the periodic nature of the cyclic prefix [3] , or training sequences are designed to have periodic parts [4, 5] . There are two main categories for training data based timing and frequency estimation: autocorrelation or cross correlation based algorithms. In autc-correlation based algorithms, repeated training data is transmitted and by regular OFDM symbols which use N sub-carriers. The symbol period is T . After passing through the wireless channel, assuming the channel is time-invariant during the duration of preamble, the received sequence in the presence of frequency offset can be expressed as
where E is the frequency offset normalized to subcarrier spacing 1 / N T , 4 . 1 is the training sequence of length M , win] is z e n m e a n complex white Gaussian noise with variance of 02, and hl is the Eth tap of the CIR with length L. We define wl[n] = hid? as the efecEive time-varying CIR where the time variation is only due to frequency offset. The constant phase 4 can be folded into the channel taps and it will be ignored in the rest of this paper.
Eqn. (2) can be re-written in the matrix form as
where w[n] and ~ [ n ] are the tap-weight and tap-input vectors respectively and they are defined as (4)
Our goal is to estimate hi and E by using the knowledge of y[n] and z[n].
Frequency offset causes time variation in the effective CIR, wl[n]. This variation is tracked using a simple least-mean-square (LMS) tracker in order to obtain the combined effect of time-invariant channel hi and frequency offset E . When the frequency offset is large, the variation of channel taps will be significant and LMS algorithm may not track all the variation. Therefore, a multi-pass LMS is used to solve this problem. The frequency offset and channel states are initialized to zero first. After first pass using LMS algorithm, an initial estimate of the frequency offset and channel estimate is obtained. IA the next pass, the frequency offset from the previous pass is used to remove the effect of frequency offset on the received signal, and channel estimate from the previous pass is used as initial state. This iterative process is stopped when the frequency offset estimate at the last pass is smaller than a threshold value.
CHANNEL TRACKING
Time-variation of wireless channels can be tracked using adaptive filters such as LMS, recursive least-squares (RLS) and Kalman filters. In this paper, a simple LMS algorithm is used because of its simplicity and stability, although any other methods would work.
The LMS algorithm has been widely used in adaptive filtering because of its stability and simplicity of implementation [ll, 121. It uses a rough approximation of the gradient instead of its true value a s done in steepest descent algorithm. The recursive relation for updating the channel estimates is given as
is the estimation error and p is the step size parameter. For stable operation, the step-size should satisfy the following inequality: Fig. 1 shows the MSE of the channel estimation (only one pass is used) as a function of frequency offset and stepsize. Although not shown in the figure, the tracker becomes unstable if the step size is bigger than the upper bound given in (7). On the other hand, very small stepsizes can not track the variation due to frequency offset and yields large errors.
By updating the channel estimates with (61, the variation of the channel due to the frequency offset is tracked. In fact, the true relation between the effective channels is given by
The larger the frequency offset, the larger the variation in effective channel response. Therefore, the number of passes depends on the frequency offset. Fig. 2 shows the average number of passes for different frequency offset values at a signal-to-noise ratio (SNR) of 10dB. The number of passes increases linearly with the frequency offset. To ensure stability, the maximum number of passes can be limited to a threshold.
In the next sections, the methods that are used to estimate the frequency offset and channel coefficients from the estimated effective CIR is given.
FREQUENCY OFFSET ESTIMATION
Once the estimates of the effective channel taps are obtained using the channel tracker, the frequency offset can be estimated and corrected in each pass. The e s timates obtained by using the channel tracker can be approximated as1
where Vh[n] is the error term.
Estimation of the frequency ( E~) from (9) 
Magnitude of normalized frequency offset
L -l M -1
After the last pass, the frequency offset is estimated using a larger correlation lag. This estimation will have a smaller range (le1 < l), but the accuracy is better. If we choose the correlation lag equal tu M / 2 , this estimator can be written as
CHANNEL ESTIMATION
Once the frequency offset is estimated, time-invariant CIR, hl, can be estimated from the effective CIR by removing the effect of frequency offset and averaging. This operation can be formulated as 
where E^ is the frequency offset estimate obtained form wl as explained in the previous section.
SIMULATION RESULTS
The proposed algorithm is tested using an OFDM system which operates in burst mode. The number of subcarriers is chosen to be 1024. A maximum-length sequence (m-sequence) of length 1023 is used a s preamble. M-sequences are chosen since they have perfect autocorrelation properties and can be used for timing synchronization as well [6, 16] . A 6-tap symbol spaced channel model is used. The power delay profile of this channel is given in Table 1 . Using ( 7 ) , the maximum step-size for stability can be calculated for this channel model as p < 0.33. In our simulations a step size of 0.12 is used. The frequency offset threshold to stop the iteration is set to 0.25 and the maximum number of passes is limited to 10.
Figs. 3 and 4 show the MSE performance of frequency offset and channel estimations respectively at different passes. The error decreases as the number of passes increases as expected. These figures also show the modified Cramkr-Rao bounds for joint estimation. These bounds are given in [8] as
The performance of the proposed algorithm is very close to the Cram&-Rao bound as can be seen from these fig- ures. The threshold effect can also be seen in Fig. 3 . This effect is caused by the nonlinear nature of frequency offset estimation [13] . Fig. 5 shows the MSE of frequency offset estimation algorithm as a function of normalized frequency offset for 25dB SNR. As can be seen from this figure, the maximum frequency offset that can be estimated is around 80. Note that the range depends on the number of the maximum passes aIIowed which was 10 in our simulations. 
CONCLUSION AND FUTURE WORK
This paper propose a new joint frequency offset and channel estimation method. Unlike most of the frequency offset estimation algorithms, the proposed method does not require repetitive pattern in the preamble. This provides covertness which is a crucial property for military communication applications. The frequency offset estimation range is not limited to the For channel tracking a simple LMS algorithm is used. The performance of the proposed algorithm with other adaptive trackers can be investigated and compared with the LMS algorithms performance. We have assumed that the number of channel taps is known. This assumption can be removed by using order recursive algorithms. This way the algorithm can adapt itself to different environment conditions. Our future research will be focused on these areas.
